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Summary
Cell migration contributes to normal development and
homeostasis as well as to pathological processes
such as inflammation and tumor metastasis. Previous
genetic screens have revealed signaling pathways
that govern follicle cell migrations in the Drosophila
ovary, but few downstream targets of the critical tran-
scriptional regulators have been identified. To charac-
terize the gene expression profile of twomigratory cell
populations and identify Slbo targets, we purified bor-
der cells and centripetal cells expressing the mouse
CD8 antigen and carried out whole-genome microar-
ray analysis. Genes predicted to control actin dynam-
ics and the endocytic and secretory pathways were
overrepresented in the migratory cell transcriptome.
Mutations in five genes, including ttk, failed to comple-
ment previously isolated mutations that cause cell mi-
gration defects in mosaic clones. Functional analysis
revealed a role for the Notch-activating protease Kuz-
banian in border cell migration and identified Tie as
a guidance receptor for the border cells.
Introduction
Cell migration is a dramatic feature of normal embryonic
development, wound healing, and immune system func-
tion. In addition, cell motility can contribute to patholo-
gies such as inflammation and tumor metastasis. During
development of the Drosophila ovary, two populations
of migratory cells originate within the simple epithelium
of follicle cells (King, 1970). The best characterized of
these are the border cells, a cluster of 4–8 migratory
cells surrounding a pair of nonmigratory polar cells. Bor-
der cell migration has emerged as a useful and geneti-
cally tractable model for the study of the developmental
regulation of cell motility (Montell, 2001, 2003; Rørth,
2002). Border cell migration, though anatomically sim-
ple, is subject to complex regulation. Multiple signals
from surrounding cells govern border cell behavior,
and more than a dozen genes have been identified that
are required for border cell migration. Mammalian ho-
*Correspondence: dmontell@jhmi.edumologs of many of the genes contribute to cell motility
during development, wound healing, and/or tumor me-
tastasis (Montell, 2003; Naora and Montell, 2005). There-
fore, further characterization of the molecular control of
border cell migration may produce additional insights
into the general mechanisms controlling normal and
pathological cell motility.
After border cells complete their migration to the oo-
cyte, a second group of about 50 follicle cells, known
as the centripetal cells, migrate from the periphery of
the egg chamber toward the center (centripetally) to
cover the anterior aspect of the developing oocyte. Cen-
tripetal cells and border cells express some of the same
genes (Montell et al., 1992) and depend upon some of
the same genes for their development (Edwards and
Kiehart, 1996; Niewiadomska et al., 1999); however,
much less is known about the molecular control of cen-
tripetal cell migration compared to that of border cells.
Genetic screens for border cell migration-defective
mutants have resulted in the identification of several
extracellular signals that are essential for these cells to
acquire the ability to move (Beccari et al., 2002; Silver
et al., 2005; Silver and Montell, 2001), to guide them to
the oocyte (Duchek et al., 2001; McDonald et al., 2003),
and to coordinate their behavior with other concurrent
developmental events (Bai et al., 2000). Several of these
signals activate transcriptional responses that are es-
sential for the migratory and invasive behavior of the
border cells, such as Slbo (Montell et al., 1992), the ec-
dysone receptor (Cherbas et al., 2003), its coactivator
Taiman (Bai et al., 2000), STAT, pMAL/SRF (Somogyi
and Rørth, 2004), and Jing (Liu and Montell, 2001). While
genetic screens have revealed many mechanisms regu-
lating border cell migration, much remains to be learned.
None of the screens has reached saturation, and it is un-
known what the key downstream transcriptional targets
are. Nor is it clear whether genes that are highly ex-
pressed in border cells are regulated by one major tran-
scription factor or by multiple transcriptional inputs. In
addition, many migration-defective mutants have been
identified for which the corresponding gene is not
known.
To supplement and complement previous genetic
screens, we have carried out gene expression profiling
studies of border cells and centripetal cells. Our goals
were to identify additional genes involved in cell migra-
tion, to identify targets of Slbo, and to facilitate identifi-
cation of the genes corresponding to mutations that
cause cell migration defects in mosaic clones. To do
this, we purified border cells and centripetal cells from
wild-type ovaries or from slbo mutant ovaries and com-
pared the patterns of gene expression. This analysis re-
vealed 413 genes that are more highly expressed in the
migratory cells than in other cells of the egg chamber. A
total of 149 genes were expressed at a lower level in bor-
der cells isolated from slbo mutants compared to wild-
type, and 103 of these were also detectably enriched
in the migratory populations. Genes that encode pro-
teins that are predicted or known to be involved in
cytoskeletal dynamics or intracellular protein transport
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484Figure 1. Purification of Migratory Border
Cells and Centripetal Cells from theDrosoph-
ila Ovary
(A–D) Fluorescence micrographs of ovarioles
dissected from P[slbo-GAL4];P[UAS-mCD8-
GFP] flies. (A) Wild-type, GFP-positive cells
are shown in green. The scale bar represents
50 mm. (B) Same ovariole as in (A) also stained
with anti-Armadillo (Arm) antibodies (red) to
show all cells. (C) Ovariole dissected from
an slboLY6/slboe7b mutant female in which
border cells fail to migrate away from the an-
terior tip. GFP-positive cells appear green. (D)
Same ovariole as that shown in (C), stained
with anti-Armadillo antibody to show all cells.
Border cells are indicated by the arrows. Cen-
tripetal cells are indicated by the arrowheads.
The dashed arrows indicate the path of bor-
der cell migration. Anterior is oriented toward
the left.
(E) Schematic representation of the method
used to purify GFP-positive cells. See the
text and Experimental Procedures for further
details.
(F–I) Fluorescence micrographs of purified
cells. (F) Hoechst labeling to show all nuclei.
(G) GFP fluorescence. (H) Propidium iodide
staining of dead or dying cells. (I) Merged im-
age of all three stains.(exocytosis and endocytosis) were overrepresented in
the migratory cells compared to their representation in
the whole genome. We also identified a receptor tyro-
sine kinase that functions together with the known guid-
ance receptors PVR and EGFR to promote border cell
migration to the oocyte. Mutant alleles of five additional
genes failed to complement previously identified, chem-
ically induced mutations that cause border cell migra-
tion defects in mosaic clones. Therefore, whole-genome
microarray analysis of purified cell populations is an
effective gene discovery tool for the analysis of cell
migration.
Results
Purification of Migratory Cells
in the Drosophila Ovary
The Drosophila ovary is composed of egg chambers,
each of which contains 16 germ cells surrounded by
a simple epithelium of follicle cells. Egg chambers pro-
ceed through 14 stages of development (King, 1970;
Spradling, 1993), and each chamber produces a single
egg. Early in oogenesis, two specialized follicle cells
develop at each end of the egg chamber, and theseare referred to as polar cells (Ruohola et al., 1991). At
stage 9, the anterior polar cells secrete Unpaired
(McGregor et al., 2002), a ligand that activates the
JAK/STAT signaling pathway in neighboring cells, which
then differentiate as border cells (Silver and Montell,
2001) (Figures 1A and 1B). Once specified, the border
cells begin to migrate in between the nurse cells toward
the oocyte. By stage 10A, the border cell cluster reaches
the anterior border of the oocyte (Figures 1A and 1B). At
stage 10B,w50 centripetal cells differentiate around the
circumference of the egg chamber about midway along
the anterior/posterior axis, at the nurse cell/oocyte
boundary. Centripetal cells migrate in between nurse
cells and oocytes to cover the anterior of the oocyte
(Figures 1A and 1B). Both border cells and centripetal
cells express Slbo, a basic region/leucine zipper tran-
scription factor homologous to C/EBP (Montell et al.,
1992; Rørth and Montell, 1992). In slbo mutants, border
cells fail to migrate and are located at the anterior tip of
the egg chamber even at stage 10 (Montell et al., 1992)
(Figures 1C and 1D).
In order to compare the global gene expression pat-
terns of the migratory cells to the nonmigratory cells in
the ovary, we first separated border cells and centripetal
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485cells away from the rest of the cells of the ovary. We
initially attempted to purify the cells after expression of
UAS-GFP by using slbo-GAL4 and fluorescence-
activated cell sorting (FACS). However, significant
losses in cell number and viability were incurred when
using this approach. To avoid using FACS, we ex-
pressed a fusion protein composed of the extracellular
and transmembrane domains of the mouse CD8 anti-
gen, fused to GFP (mCD8-GFP) (Lee and Luo, 1999).
P[UAS-mCD8-GFP] transgenic flies were crossed to
P[slbo-GAL4] flies (Rørth et al., 1998), resulting in high
levels of mCD8-GFP expression in border cells and
centripetal cells, as well as a few additional cells at the
anterior and posterior (Figures 1A and 1B). slbo-GAL4
is not expressed in the nonmigratory polar cells (Geis-
brecht and Montell, 2004).
Commercially available magnetic beads coupled with
anti-mouse CD8 antibody were used to purify the cells
expressing mCD8-GFP (Figure 1E). GFP was expressed
in >90% of the purified cells (Figures 1G and 1I), whereas
we estimate that GFP-positive cells represented
w1%–3% of the starting population of cells. This proce-
dure therefore resulted in a 30- to 100-fold enrichment of
the GFP-positive cells. Within the GFP-positive popula-
tion, some cells appeared to express higher levels of
GFP than others. This purification method appeared to
be gentler than FACS, as >95% of the purified cells ex-
cluded propidium iodide, one measure of viability (Fig-
ures 1H and 1I). The method was also simpler and faster
to carry out than FACS. Another advantage of this
approach was that the cell population of interest (GFP-
positive cells) and the reference population (GFP-
negative cells) were isolated from the identical ovaries
and therefore had identical genotypes and nutritional
status and were exposed to the identical dissection
and dissociation conditions. This should reduce artifac-
tual differences in gene expression, such as stress-
induced gene expression, that might otherwise occur.
This approach is generalizable to any cell type in the
fly for which appropriate GAL4 lines are available to
drive UAS-mCD8 transgene expression. This approach
could also be generalized to other organisms, assuming
appropriate promoter sequences are available to direct
gene expression to the cell type of interest.
Migratory Cell-Enriched Genes Identified
in the Microarray Analysis
Total RNA was prepared from the purified mCD8-GFP-
positive cells and from the mCD8-GFP-negative cells.
In order to avoid amplifying the RNA samples, we dis-
sected 2000 ovary pairs for each of 3 triplicate samples
(6000 ovary pairs total) for each genotype, which yielded
>5 mg of total RNA from each purified cell population.
Biotinylated cRNA was prepared and hybridized to Affy-
metrix Drosophila Genome 1 Array, which contained
probe sets (each composed of 14 pairs of oligonucleo-
tides) interrogating more than 13,500 predicted genes.
A total of 3,219 genes were scored present in the
mCD8-GFP-positive cells in all 3 repeats, and 3,101
genes were present in the mCD8-GFP-negative cells.
To determine those genes that were significantly more
highly expressed in the GFP-positive cells, the data
were analyzed by using Affymetrix Microarray Suite
MAS 5.0. (Affymetrix, Santa Clara, CA) and ChipStat(Master et al., 2005). This combination of algorithms
has been shown to provide a more sensitive method
for detecting changes in relative gene expression, with-
out increasing the incidence of false positives, com-
pared to methods that assign a cutoff based on fold-
change and p value (see Experimental Procedures and
Master et al. [2005] for details).
A total of 413 genes were expressed at a significantly
higher level in the mCD8-GFP-positive cells compared
to the negative cells (Table S1; see the Supplemental
Data available with this article online). We refer to this
set as the migratory cell-enriched genes. Twelve genes
previously known to be expressed at a higher level in
border and/or centripetal cells were identified in this
study (Table S2). In addition, five genes previously
known to function in border cell migration, but not
known to be expressed at a higher level in border cells,
were identified amongst the migratory cell-enriched
genes (Table S2).
To verify differential expression of the identified genes,
we carried out in situ hybridization. All 19 randomly
selected genes that showed a specific in situ signal
were expressed at a higher level in the border and/or
centripetal cells than in other cells of the egg chamber;
16 of these genes are shown in Figure 2. An additional
six genes did not show a detectable specific signal, pre-
sumably because of the limited sensitivity of the tech-
nique, especially in the ovary.
The detected in situ expression patterns fell into three
categories. Contactin, Hormone receptor-like 46, brain
tumor, kuzbanian, lola-like, arginine kinase, ken-and-
barbie, and ciboulot were detectably enriched predom-
inantly in border cells. 18 Wheeler, ftz-transcription
factor 1, Rab protein 6, Unc-115, and Gef64C were
detectably enriched predominantly in centripetal cells.
Midline Fasciclin, FK506 binding protein 13, and Tie
were detectably enriched in both border cells and cen-
tripetal cells.
We obtained antibodies against eight of the protein
products and stained egg chambers. Each of the pro-
teins was expressed in border cells and/or centripetal
cells (Figure 3). However, different temporal patterns
of expression were apparent. Neurexin IV was enriched
in border cells throughout their migration (Figures 3A–
3C), whereas the 69 kDa form of Tramtrack, TTK69,
appeared to be enriched in border cells very transiently
at the beginning of migration (Figure 3D). Border cell ex-
pression declined during migration (Figure 3E). At stage
10, elevated expression of TTK69 became evident in the
centripetal cells, as they initiated their inward migration
(Figure 3F). At later stages, high levels of TTK69 were de-
tected in all oocyte-associated follicle cells as previ-
ously reported (French et al., 2003).
Jaguar (Deng et al., 1999; Geisbrecht and Montell,
2002), Singed (Cant et al., 1994), and Armadillo (Peifer
et al., 1993) were previously known to be border cell en-
riched, and we confirmed these expression patterns (Fig-
ures 3G–3I). Jaguar, like TTK69, appeared to be most
enriched in border cells at the initiation of migration,
whereas Singed and Armadillo are enriched throughout.
Neuroglian, Gliotactin, and Contactin, three mem-
brane proteins not previously known to be border
cell enriched, were also detected in border cells (Fig-
ures 3J–3L). Neuroglian was only detected in border
Developmental Cell
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(A–R) In situ hybridization of labeled cRNA probes to detect mRNA expression patterns for the indicated genes. Arrows indicate stained border
cells. Arrowheads indicate stained centripetal cells.cells in early stage 9 (Figure 3J), whereas Gliotactin
and Contactin were detected throughout migration
(Figures 3K and 3L). In searching the GeneTrap data-
base, we noted that one of the GFP insertions into
the Tropomyosin I gene showed enriched expression
in leading edge centripetal cells (http://flytrap.med.
yale.edu/images/gfpimages/Z2456-1.jpg), although dif-
ferent insertions have different patterns, possibly re-
flecting differences amongst various spliced isoforms.
Analysis of Migratory Cell-Enriched Genes
by Gene Ontology
To ascertain whether the migratory cell-enriched genes
represented particular, functionally related sets of
genes, we sorted them according to gene ontology
(GO) by using GO Slim (see Experimental Procedures
for details). We compared the percentage of genes in
different GO categories within the microarray data set
to the entire genome. For example, 166 genes in theDro-
sophila genome encode chromosomal proteins, and
that represents 1.2% of all genes. Three genes encoding
chromosomal proteins were found to be enriched in the
migratory cells, and this represents 0.65% of the migra-
tory cell-enriched group. Thus, genes that encode chro-mosomal proteins are slightly underrepresented among
the migratory cell-enriched set. In contrast, there are
205 genes in the genome (1.5%) that encode proteins
associated with the cytoskeleton (cellular component),
and 19 of these were enriched in the migratory popula-
tion (5%). Thus, genes that encode proteins associated
with the cytoskeleton are about 3-fold overrepresented
in the migratory cell-enriched class compared to the ge-
nome as a whole. Other classes of genes overrepre-
sented in the migratory population include those that
encode proteins associated with the secretory pathway,
including the endoplasmic reticulum (4.23), Golgi appa-
ratus (5.73), vesicles (5.23), and those associated with
endosomes (5.33). In contrast, only 3 out of 487 genes
encoding mitochondrial products, 1 out of 59 peroxi-
some gene products, and 0 of the 237 ribosomal gene
products were enriched in the migratory cell population.
The finding that genes that encode proteins associ-
ated with the cytoskeleton and the secretory pathway
were overrepresented in the migratory cell-enriched
class led us to examine these genes and the proteins
they encode more closely. We found that genes encod-
ing proteins previously implicated in membrane cyto-
skeleton attachment, actin dynamics, actin bundling or
Whole-Genome Expression Profile of Migratory Cells
487Figure 3. Verification of Expression of Migratory Cell-Enriched Genes by Immunohistochemistry
(A–C) Antibody labeling for Neurexin IV (green) at the indicated stages.
(D–F) Antibody labeling for the 69 kDa form of TTK (green) and DAPI (blue) at the indicated stages.
(G–L) Antibody labeling for the indicated proteins. In all panels, arrows point to labeled border cell clusters, and an arrowhead indicates labeled
centripetal cells.crosslinking, and actin motor proteins were enriched in
the migratory cells. These results are summarized in Ta-
ble S3 and Figure 4A. This finding may be related to the
extraordinary morphology that border cells acquire as
they initiate migration (Figure 4B). Genes that encode
proteins thought to function within the secretory and en-
docytic pathways are shown in Table S4. Some proteins,
such as Syndapin and Annexin X, are believed to con-
nect vesicle traffic to actin dynamics, and these appear
in both tables.
Identification of Slbo Targets
The slbo locus encodes the Drosophila homolog of
C/EBP, which is a basic region leucine zipper transcrip-
tion factor that is essential for border cell migration
(Montell et al., 1992). In order to identify Slbo target
genes, we compared gene expression profiles of border
and centripetal cells purified from wild-type and slbo
mutant ovaries. A total of 149 genes were identified as
significantly downregulated in slbo mutant cells (Table
S5), and two-thirds of these genes were also identified
as enriched in the migratory cells (Figure 5A). Slbo-
regulated genes accounted for approximately one-quar-
ter of genes enriched in the migratory cells (103/413, Ta-
ble S1). Among the Slbo-regulated genes that were also
enriched in the migratory cells, 46 were no longer en-riched in the migratory cells isolated from slbo mutants,
suggesting that Slbo is an essential transcriptional input
to these genes (Tables S1 and S5).
We employed real-time PCR to validate some of the
slbo targets. Five out of six randomly selected genes
identified as Slbo targets in the microarray exhibited
a lower expression level in slbo mutant migratory cells
compared to wild-type (Figure 5B). The fold change cor-
related better for some genes than others, consistent
with what is typically observed (Mutch et al., 2002). In
order to identify those that would be most likely to rep-
resent direct Slbo targets, we searched two kilobases
of genomic DNA sequence 50 of each Slbo-regulated
gene for C/EBP binding sites by using the Cluster Buster
sequence analysis tool (http://zlab.bu.edu/zlab/gene.
shtml). One or more sites were identified in 30 genes
(about 20%), which are indicated with shading in Table
S5. This is approximately double the frequency with
which C/EBP binding sites were identified among the
migratory cell-enriched genes that did not appear to
be Slbo targets.
Functional Analysis of Migratory
Cell-Enriched Genes
We took three different approaches to test the functions
of genes identified by microarray analysis. Previously,
Developmental Cell
488Figure 4. Schematic Representation of Migratory Cell-Enriched Genes that Encode Proteins Predicted to Affect the Actin Cytoskeleton
(A) This diagram was adapted from (Pollard and Borisy, 2003). All proteins indicated on the diagram were identified in the microarray as genes
upregulated in the migratory population, with the exception of E-cadherin and profilin, both of which interact with proteins that were identified in
the microarray analysis and are known to contribute functionally to border cell migration. Actin filaments (chains of circles) are shown in
branched networks or parallel bundles. Open circles indicate newly added subunits bound to ATP. Red circles represent older subunits in which
ATP has been hydrolyzed to ADP.
(B) Fluorescence micrograph of border cells (arrow) initiating migration, stained with an antibody against Singed (fascin) and DAPI to show all
nuclei. Note the long cellular extension (arrowhead), which is slightly broader at the leading edge.we have carried out genetic screens to identify chemi-
cally induced mutations that cause border cell migration
defects in mosaic clones (Bai et al., 2000; Liu and Mon-
tell, 1999; Silver and Montell, 2001). In most cases, how-
ever, it is not known what gene has been mutated, and
substantial effort must be invested in the molecular
identification of each affected gene. To expedite this
process, we obtained lethal mutant alleles for 26 of the
migratory cell-enriched genes and tested them for com-
plementation with the migration-defective mutants from
our collection. Mutations in gliotactin, tramtrack, cat-sup, latheo, and zipper failed to complement 69G7,
85G5 and 79A6, 68E2, 23G9, and 17F1 mutant lines, re-
spectively. In each case, a deficiency that removes the
respective gene also failed to complement the appropri-
ate mutant line from the mosaic screen.
We studied ttk in greater detail by carrying out mosaic
analysis with ttk1e11, a null allele. In mosaic egg cham-
bers in which border cells retained a wild-type ttk allele,
migration was completed normally (Figure 6A). How-
ever, homozygous mutant border cells exhibited a se-
vere migration defect and remained at the anterior tip
Whole-Genome Expression Profile of Migratory Cells
489Figure 5. Identification and Verification of
Slbo Targets
(A) Venn diagram showing the overlap be-
tween the migratory cell-enriched genes
and Slbo targets.
(B) Comparison of real-time, quantitative
PCR and microarray results. Because of the
limiting quantities of cDNA available, real-
time PCR was carried out by using one of
the three biological triplicates that were
used for the microarray analysis. Each PCR
reaction was carried out in duplicate, and
the average of the two was normalized to
GAPDH.(Figures 6B–6D). In addition, homozygous mutant cen-
tripetal cells appeared to be delayed in their inward mi-
gration (Figure 6C).
Since ttkwas identified both as a Slbo target as well as
a migratory cell-enriched gene, we compared TTK69
protein expression between wild-type and slbo mutant
egg chambers. We quantified the fluorescence intensity
of anti-TTK69 staining in early stage-9 egg chambers,
when the border cell enrichment is greatest in wild-
type. In wild-type egg chambers (Figure 6E), the average
ratio of border cell staining to that of oocyte-associatedfollicle cells was 1.4 (n = 5), whereas in slbo mutant egg
chambers (Figure 6F), the ratio of border cell staining
intensity to oocyte-associated follicle cell staining aver-
aged 0.7 (n = 7), consistent with the idea that TTK ex-
pression is regulated by slbo. We did not notice any dif-
ference in centripetal cell staining intensity between
wild-type and slbo mutant egg chambers.
An additional gene for which a variety of reagents
were available for functional analysis was kuzbanian,
which encodes a protease known to activate Notch. A
mammalian homolog of Kuzbanian, Adam10, has beenFigure 6. Analysis of TTK Function and Regulation
(A–D) Mosaic analysis of ttk1e11. Stage-10 egg chambers dissected from female flies of the genotype hs-FLP; FRT82B,ttk1e11/FRT82B,ubiGFP and
stained for GFP (green), nuclei (DAPI, blue) and, in (B) and (D), Armadillo (Arm, red). The absence of GFP indicates homozygous mutant cells. (A)
Heterozygous border cells complete migration normally. (B and C) Homozygous mutant cells fail to initiate migration. (D) High-magnification view
of (B) to show the absence of GFP in the border cell cluster.
(E) TTK69 expression in an early stage-9 wild-type egg chamber.
(F) TTK69 expression in an early-stage 9 slboLY6/e7b mutant egg chamber. Arrows indicate the positions of the border cell clusters. An arrowhead
indicates homozygous mutant centripetal cells with delayed migration.
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490shown to cleave other substrates such as E-cadherin
(Maretzky et al., 2005) and to cause activation of the
EGF receptor (Yan et al., 2002). Since Notch, EGFR,
and E-cadherin have all been implicated in border cell
migration (Duchek and Rørth, 2001; Duchek et al.,
2001; Gonzalez-Reyes and St Johnston, 1998; Niewia-
domska et al., 1999; Schober et al., 2005), we tested
the function of Kuzbanian in border cell migration by ex-
pressing a catalytically inactive, dominant-negative
form of the protein by using slbo-GAL4. Dominant-neg-
ative Kuzbanian caused a severe impairment of border
cell migration, whereas expression of full-length Kuzba-
nian did not (Figure 7F). More than 90% of stage-10 egg
chambers analyzed were delayed in their migration, and
45% remained at the anterior tip.
Mutant alleles are not yet available for many of the
genes identified in the microarray analysis. One such
gene, Tie, was both migratory cell-enriched and a Slbo
target. Tie seemed like a good candidate for a guidance
receptor because it is a putative receptor tyrosine ki-
nase, and two other receptor tyrosine kinases, PVR
and EGFR, have previously been implicated in guiding
border cells to the oocyte (Duchek and Rørth, 2001;
Duchek et al., 2001; McDonald et al., 2003). There is
functional redundancy among border cell guidance re-
ceptors because reducing the function of both EGFR
and PVR, by coexpression of dominant-negative recep-
tors, produces a more significant migration defect than
either one individually (Duchek et al., 2001). Since there
is still some properly guided migration, even when the
functions of both receptors are knocked down, we pre-
dicted that another receptor tyrosine kinase might par-
ticipate in guiding border cells to the oocyte.
We tested the contribution of Tie to border cell migra-
tion by generating multiple, independent transgenic
lines that express a putatively dominant-negative Tie re-
ceptor (TieDN) under GAL4/UAS transcriptional control.
This construct encodes the signal sequence and extra-
cellular and transmembrane domains, but it lacks the
intracellular kinase domain (Figure 7E). Equivalent con-
structs for PVR and EGFR function as dominant nega-
tives (Duchek and Rørth, 2001; Duchek et al., 2001)
and produce a phenotype similar to the null allele
(McDonald et al., 2003). Expression of TieDN in combina-
tion with PVRDN produced a more significant defect than
PVRDN alone (Figure 7G). Whereas 25% of stage-10 egg
chambers expressing PVRDN alone show incomplete
border cell migration, 37%–58% of egg chambers ex-
pressing both PVRDN and TieDN exhibit migration de-
fects (Figure 7G). This is similar to the effect of EGFRDN
(Duchek et al., 2001). Also like EGFRDN, TieDN alone
driven by slbo-GAL4 did not inhibit migration of the bor-
der cells to the oocyte (data not shown). The migration
defect associated with expressing all three dominant-
negative receptors was more severe than PVRDN and
EGFRDN (Figure 7H). Therefore, it seems likely that the
Tie receptor contributes together with PVR and EGFR
in guiding border cells to the oocyte.
Discussion
In carrying out gene expression profiling studies of bor-
der cells and centripetal cells, we identified genes in-
volved in cell migration as well as targets of Slbo, andwe facilitated identification of the genes corresponding
to mutations that cause cell migration defects in mosaic
clones. In addition, we developed a method for the puri-
fication of specific cell populations from whole organ-
isms and obtained a global view of the genes that are
upregulated in migratory cells. The global analysis re-
vealed that many genes involved in actin dynamics
and the secretory and endosomal pathways are more
highly expressed in migratory cells than in nonmigratory
cells of the ovary.
Global Analysis of Gene Expression Profiles
Gene expression profiling of migratory cells in the Dro-
sophila ovary has allowed us to compare the global pat-
terns of gene expression of developmentally regulated
cell movements to that previously reported for invasive
carcinoma cells (Wang et al., 2004). Of 30 genes that en-
code motility-associated proteins that were identified as
upregulated in invasive breast carcinoma relative to the
primary tumor, 23 have easily identified Drosophila ho-
mologs. Of these, 11 (48%) were identified as upregu-
lated in migratory follicle cells in the current analysis.
This seems noteworthy given that the cells derive from
different organisms and different tissues. In contrast,
only one of the cytoskeleton-associated, migratory
cell-enriched genes was identified out of the top 419
genes upregulated in the adult Drosophila eye (Xu
et al., 2004).
Finding a large number of genes that are differentially
expressed in a microarray analysis can make it difficult
to decide which individual genes merit additional, de-
tailed study. One approach to limiting the number of
genes in an analysis is to use stringent fold-change cut-
offs. However, it is not clear that this is the best way to
derive biologically meaningful information from large
data sets. We used an alternative approach of employ-
ing a sensitive method to reveal a large number of differ-
entially expressed genes and then separating the large
data set into smaller sets by using gene ontology with
GO Slim. This allowed us to discern, in a relatively un-
biased manner, that genes that encode cytoskeletal
proteins and proteins associated with the secretory
and endosomal pathways were overrepresented in the
migratory cell-enriched genes compared to the genome
as a whole, providing a rationale for the selection of
smaller, functionally related subsets of genes for further
study.
Cytoskeletal Proteins in Cell Migration
The overrepresentation of cytoskeleton-associated gene
products among the migratory cell-enriched genes is
interesting to consider in light of the striking morphology
of border cells during their migration (Figure 4B). One, or
occasionally two, cells at the front of the cluster extend
a long dominant protrusion that can be up to 50 mm long
(Fulga and Rørth, 2002) (Figure 4B). This may be a com-
mon morphology for cells migrating in vivo, as it has also
been observed for cells of the rostral migratory stream
(Murase and Horwitz, 2002) and neural crest cells (Dick-
inson et al., 2002). It seems reasonable to propose that
this extended morphology may require special regula-
tion of the cytoskeleton, which might differ in some re-
spects from that of the broad, flat lamellae and ruffles
formed by cells cultured on two-dimensional surfaces.
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491Figure 7. Functional Analysis of Kuzbanian and the Tie Receptor Tyrosine Kinase in Border Cell Migration
(A–D) Examples of stage-10 egg chambers from slbo-GAL4;UAS-KUZ-DN in which border cells have migrated (A) 0%–25% of the normal dis-
tance, (B) 26%–50% of the normal distance, (C) 51%–75% of the normal distance, or (D) 76%–100% of the normal distance. The white, dashed
lines indicate 25%, 50%, and 75% of the normal migration distance.
(E) Schematic representation of the full-length Tie receptor tyrosine kinase (top), including the signal peptide (SP), extracellular domain (green),
transmembrane domain (TM, pink), and intracellular tyrosine kinase domain (blue). The truncated, putatively dominant-negative construct is
shown below.
(F–H) Histograms showing the percentage of egg chambers in which border cells migrated 0%–25%, 26%–50%, 51%–75%, or 76%–100% of the
normal distance in each of the indicated genotypes. (F) Migration phenotype due to expression of dominant-negative KUZ (KUZ-DN) with slbo-
GAL4. (G) Data from four independent insertions (11-1, 21-2, 16-1, 11-2) of the P[UAS-Tie-DN] transgene are shown expressed with slbo-GAL4
and PVR-DN. (H) Histogram comparing border cell migration in flies expressing P[UAS-Tie-DN] alone, P[UAS-PVR-DN] together with P[UAS-
EGFR-DN], or all three dominant-negative receptors. Transgene expression was driven by c306-GAL4, which has highest expression levels in
border cells (Manseau et al., 1997; Murphy and Montell, 1996; Silver et al., 2005). The numbers of stage-10 egg chambers examined are provided
for each genotype.For example, longer parallel bundles of F-actin are prob-
ably required to create and maintain long protrusions
such as those observed in border cells.Although the general idea that proteins associated
with the cytoskeleton are important in migratory cells
is not surprising, this analysis allows us to generate
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proteins known to promote long, parallel actin bundles
are among the migratory cell-enriched genes, including
tropomyosin and fascin. Loss of function of fascin
(encoded by the gene singed) does not result in a dis-
cernible border cell migration defect (Cant et al., 1994);
however, this may be because of redundancy with tropo-
myosin. Similarly, loss of the filamin-like protein encoded
by the cheerio locus causes a mild border cell migration
defect (Sokol and Cooley, 2003). The microarray analysis
reveals that another filamin-like protein (Jitterbug) is
expressed at a higher level in the migratory follicle cell
population. The microarray data therefore can guide
the development of specific, testable hypotheses con-
cerning possible gene redundancies.
In addition to proteins with well-characterized func-
tions in actin dynamics, such as actin and actin-related
proteins, a number of genes emerged from the microar-
ray analysis that encode proteins with motifs or domains
that suggest a specific role in regulating the actin cyto-
skeleton, but which have not yet been characterized at
all. These include Rexin, a protein composed of three
SH3 domains, and CG31352, which encodes a protein
composed of three LIM domains and a motif resembling
the villin headpiece. Mammalian homologs of these pro-
teins exist but have not been characterized. It will there-
fore be of interest to determine if these genes and their
products represent evolutionarily conserved, but previ-
ously unrecognized, contributors to cell motility.
Upregulation of Components of the Secretory
and Endocytic Pathways
Genes encoding proteins associated with the endoplas-
mic reticulum, Golgi apparatus, cytoplasmic vesicles,
and endosomes were significantly overrepresented
among the migratory cell-enriched genes compared to
the genome as a whole. This observation suggests
that border cells have a special need for dynamic traf-
ficking of proteins to and from the cell surface. We
have previously proposed that dynamic cell-cell adhe-
sion between border cells and nurse cells is required
for the cells first to gain traction and then to translocate,
and that this may involve high rates of turnover of mem-
brane proteins such as E-cadherin (Bai et al., 2000).
Moreover, it is clear that several receptor molecules
such as Domeless, PVR, and EGFR are present at lower
concentrations on the surfaces of the border cells as
compared to other follicle cells (McDonald et al., 2003;
Silver et al., 2005). Therefore, it seems likely that there
is a high rate of movement of these proteins onto and
off of the plasma membrane. All of this traffic would
likely require an upregulation of proteins functioning in
the secretory and endocytic pathways. Consistent with
this hypothesis, it has previously been shown that multi-
vesicular bodies are markedly more prevalent in migrat-
ing border cells as compared to other follicle cells in the
egg chamber (Verkhusha et al., 1999).
Centripetal Cell-Enriched Genes
Relatively little is known about the mechanisms govern-
ing centripetal cell migration. Border cells and centripe-
tal cells take two different paths, but they arrive at the
same place. Both cell types express Slbo and require
E-cadherin, Rac, and myosin II for their respectivemovements. Thus, mechanical aspects of these two mi-
grations may be similar. However, there are also differ-
ences in the migrations of these two cell types. Border
cells completely exit the follicle cell epithelium during
their migration down the center of the egg chamber.
Centripetal cells, on the other hand, stay connected to
the outer follicle layer. In addition, the directions of the
two migrations are quite different. Whereas border cells
migrate posteriorly, centripetal cells migrate symmetri-
cally toward the center, orthogonal to the path of border
cell migration. Therefore, the cues that direct the two mi-
grations must be different. Consistent with this, none of
the known border cell guidance receptors is required for
centripetal cell migration. In addition, the border cells
and centripetal cells initiate migration at distinct times:
the border cells complete their migration before the cen-
tripetal cells begin. The gene expression profile pre-
sented here provides a wealth of candidate genes to
test for effects on centripetal cell migration and to flush
out the similarities and differences between border cell
and centripetal cell migration.
Functional Analysis of Genes Identified by Gene
Expression Profiling
One of our goals in determining the gene expression
profile of border cells was to facilitate the molecular
identification of genes corresponding to the mutations
that cause border cell migration defects in mosaic
clones. We were able to match five genes in the micro-
array lists, gliotactin, tramtrack, catsup, latheo, and
zipper, to mutant lines we had previously identified in
mosaic screens. Our next challenge will be to elucidate
precisely how each of these genes contributes to border
cell migration.
In addition to facilitating the identification of genes
that cause cell migration defects in mosaic clones, the
gene expression profile can identify genes that would
be unlikely to be identified in such genetic screens. For
example, all of the known guidance factors for border
cell migration produce either no defect when mutated
individually (ligands for the EGF receptor) or quite mild
defects (PVF1). Their contributions become much
more obvious when multiple mutations are combined.
Therefore, it is a challenge to identify this class of pro-
teins by using conventional forward genetics. In the
gene expression profile reported here, an uncharacter-
ized receptor tyrosine kinase was found to be expressed
at higher levels in migratory cells and to be an Slbo tar-
get. Expression of a putatively dominant-negative form
of this receptor exacerbated the migration defects asso-
ciated with loss of PVR alone or loss of PVR and EGFR,
implicating this receptor in guidance of border cell mi-
gration. Therefore, the expression profile has provided
a source of candidate genes that would be difficult or
impossible to identify by other methods.
Experimental Procedures
Fly Stocks
Flies were cultured under standard conditions unless otherwise
specified. P[slbo-GAL4], P[UAS-mCD8-GFP], slboLy6 and slboe7b
transgenic lines, and mutant alleles have been previously described
(Lee and Luo, 1999; Montell et al., 1992; Rørth et al., 1998). FRT82B,
ttk1e11/TM6, Hu was from Dr. Celeste Berg. UAS-KUZ-DN and UAS-
KUZ-F were from the Bloomington stock center.
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from w1118 were dissected, and total RNA was purified by using TRI-
zol (Invitrogen, 15596-026). The following primers were used to
amplify the N-terminal coding sequence of the Tie cDNA by using
reverse transcriptase PCR (SuperScript Choice System for cDNA
Synthesis, Invitrogen 18090-019): 50-ATAAGAATGCGGCCGCCGTG
TGTGTATGTGTGTGTCGG-30 and 50-GCTCTAGATGATATTGCTGC
GCTCGAAATC-30. The product was then cloned into the NotI and
XbaI sites of the pUAST vector. Transgenic P[UAS-Tie-DN] flies
were generated by using standard methods.
Cell Isolation, Purification, and Staining
Virgin females were collected and aged at 18ºC for 2–7 days, then
mated with males of the same genotype and fattened at 18ºC for 20
hr in order to maximize the proportion of stage-9 egg chambers
and minimize the presence of later stages. Ovaries were dissected
in Grace’s medium with 10% newborn goat serum. After dissecting
10 ovaries, they were transferred to a tube on ice. The total time for
dissection was limited to 2 hr. About 200 ovaries were collected
into an eppendorf tube, washed with cell dissociation buffer (Sigma
C-1544), digested with elastase (Sigma E-0127) at 4 mg/ml in cell dis-
sociation buffer for 5 min, and subjected to magnetic cell purification
with magnetic beads coupled with anti-mouse CD8 antibody (Milte-
nyi Biotec 494-01) according to the manufacture’s manual. A small
fraction of purified cells was removed and stained with Hoechest
dye (2 mg/ml) and propidium iodide (10 mg/ml), together in Grace’s
medium with 10% fetal calf serum for 30 min at room temperature.
cRNA Probe Labeling and Hybridization
Total RNA (5.6 mg per sample) was extracted from the purified cells
by using the RNeasy Mini kit (Qiagen 74104). Biotinylated target RNA
was prepared and hybridized to the Affymetrix GeneChipDrosophila
Genome Arrays according to manufacturer’s recommendations.
Arrays were scanned with Affymetrix GeneArray Scanner 2500A.
Sample preparation, raw data collection, and gene expression anal-
ysis were performed as described previously (Master et al., 2002,
2005). Scanned chip images were analyzed with the Affymetrix Mi-
croarray Suite MAS 5.0. (Affymetrix, Santa Clara, CA) and ChipStat
(Master et al., 2005). The ChipStat method preserves information
regarding the individual probe pairs from the array; the larger the
number of probe pairs that show a difference in signal between sam-
ples, the more likely that difference is to be significant, even if the
fold-change is very small. MAS 5.0 carries out all nine possible pair-
wise comparisons between biological triplicates from each of the
two data sets.
A combination of ChipStat and MAS 5.0 was applied, as follows.
Differentially expressed genes were obtained by taking the union
of (1) the list of genes demonstrating differential expression in at
least 8 of 9 pairwise comparisons as assessed by MAS 5 compara-
tive analysis; (2) the list of differentially expressed genes identified
by ChipStat with significant change (p < 0.05) in at least 6 out of 14
probe pairs; and (3) the intersection of the list of genes differentially
expressed in at least 7 of 9 pairwise comparisons (MAS 5) and iden-
tified by ChipStat with significant change in at least 5 out of 14 probe
pairs. This approach has been shown to provide a more sensitive
method for detecting differences in gene expression between two
samples without increasing the incidence of false positives (Master
et al., 2005). The false positive incidence was estimated by permuta-
tion analysis to be 0.4% for the migratory cell-enriched genes and
1.5% for the Slbo targets.
For analysis of gene ontology, the GO Slim function within the Gene-
spring 7.2 software package (Silicon Genetics) was used. The num-
ber of genes within each GO Slim category was divided by the
number of genes in the whole set (migratory cell enriched or whole
genome) to determine the percentage of genes within a given GO
category.
In Situ Hybridization
cRNA probes were made from EST clones by in vitro transcription
and were fragmented in 100 mM sodium carbonate buffer (pH
10.2) for 20 min. Ovarioles were dissected from well-fed flies in
10% serum in Grace’s medium and fixed in 4% formaldehyde, 1%
DMSO in PBT for 20 min. After rinsing, samples were dehydrated
by successive washes in 25%, 50%, 75% methanol/PBT and finallywith 100% methanol for 5 min/each and were rehydrated in reverse
order. Samples were washed three times with RIPA (150 mM NaCl,
1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, 1 mM EDTA,
50 mM Tris [pH 8.0]) for 30 min each and were postfixed with freshly
prepared 0.2% glutaraldehyde/4% formaldehyde in PBT for 20 min
at room temperature. Samples were then incubated in 1:1 PBT:
pre-hyb solution (50% formamide, 53 SSC, 0.1% Tween 20) for
10 min, then prehybridized for 3 hr at 60ºC in prewarmed hyb solu-
tion (5% dextran sulfate, 13 Denhard’s, 50% formamide, 53 SSC,
50 mg/ml heparin, 250 mg/ml salmon sperm DNA, 0.1% Tween 20).
Hybridization with denatured probe (final concentration of 1 ng/ml)
in prewarmed 100 ml hyb solution was carried out overnight at
60ºC. Samples were washed for 30 min at 65ºC in pre-hyb solution,
once for 30 min at 65ºC in 50% PBT/50% pre-hyb solution, and once
for 20 min at 65ºC in PBT. Digestion with RNase A (20 mg/ml) in (0.5 M
NaCl, 10 mM Tris-Cl [pH 8.0], 1 mM EDTA) was for 20 min at room
temperature. Samples were washed twice with 0.23 SSC at 65ºC
for 20 min/each and were incubated in 1% BSA in PBT for 1 hr at
room temperature. Anti-digoxygenin antibody staining and the alka-
line phosphatase reaction were carried out by using NBT/BCIP
(Roche) according to the manufacturer’s instructions.
Real-Time PCR
Real-time PCR was conducted with the primers listed in Table S6
and Stratagene Brilliant SYBR Green QPCR Master Mix (Cat.
600548) on an Mx3000P real-time PCR machine (Stratagene).
Antibody Staining
Antibody staining was performed as described (McDonald and Mon-
tell, 2005). Antibodies used were: mouse anti-Armadillo at 1:25 (N2
7A1, DSHB); mouse anti-singed at 1:25 (sn 7c, DSHB); rat anti-
ttk69 at 1:10 (gift from Dr. Craig Montell) (Read and Manley, 1992);
rabbit anti-Nrx-IV at 1:500 (a gift from Dr. Hugo Bellen) (Baumgartner
et al., 1996); mouse anti-Nrg at 1:10 (BP 104, DSHB); mouse anti-
Gliotactin at 1:1 (1F61D4, a gift from Dr. Vanessa J. Auld) (Auld
et al., 1995); mouse anti-myosin VI at 1:10 (Mermall and Miller,
1995); and Guinea pig anti-contactin at 1:100 (gift from Dr. Manzoor
Bhat). Secondary antibodies conjugated to Alexa fluor 488 and 568
were used at 1:200. DAPI was used to detect cell nuclei. Images
were acquired by using the ApoTome system on a Zeiss Axioplan
2 microscope or a Zeiss LSM 510 Meta confocal microscope.
Supplemental Data
Supplemental Data including the complete lists of genes enriched in
the migratory cells and/or upregulated by Slbo, genes validated by
expression and/or functional analysis, genes encoding cytoskele-
ton-associated proteins, genes encoding vesicle traffic-associated
proteins, and real-time PCR primers are available at http://www.
developmentalcell.com/cgi/content/full/10/4/483/DC1/.
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